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Hierarchical BiOBr nanostructure flowers as a visible-light-driven photocat-
alyst were synthesized by the polyvinylpyrrolidone (PVP)-assisted
hydrothermal process. The role of PVP content on product morphologies and
photocatalytic activities for photodegradation of rhodamine B (RhB) under
visible light irradiation was studied. The as-synthesized nanostructure BiOBr
samples were characterized by x-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), Raman spectrophotometry, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and x-ray photo-
electron spectroscopy. XRD patterns of the products were used to identify the
well-defined pure tetragonal BiOBr phase. SEM and TEM images showed that
the as-synthesized BiOBr without PVP adding was uniform square BiOBr
nanoplates with edge length of 1-3 ym. Upon adding 1.00 g of PVP 10 kDa,
the uniform square BiOBr nanoplates were transformed into hierarchical
BiOBr nanostructure flowers with a size of 3—4 ym. FTIR and Raman spectra
of hierarchical BiOBr nanostructure flowers were used to reveal the presence
of Bi-O and Bi-Br stretching vibration modes. The photocatalytic activity of
hierarchical BiOBr nanostructure flowers was 96.10% degradation of RhB
under visible light within 180 min. Formation mechanism of hierarchical
BiOBr nanostructure flowers was also proposed according to the experimental
results.

Key words: BiOBr, hierarchical nanostructure flowers, photocatalysis,
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INTRODUCTION

In recent years, the main pollutants from organic
dyes, cosmetic products and pigments are serious
problems and hazardous to organisms and human
health.'™ Advanced oxidation processes (AOPs) as
efficient and green methods of all chemical and

(Received March 10, 2019; accepted September 12, 2019;
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biological processes used to completely eliminate
and mineralize most organic pollutants by trans-
forming them into less harmful compounds are very
interesting because they are inexpensive processes
and can be operated under ambient conditions with
short reaction time.*® During processing, active
radicals such as hydroxyl radicals (OH) and super-
oxide anion radicals (Oy") are able to completely
degrade organic contaminants by converting them
into H20 and COQ.4ﬁ6
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Bismuth oxyhalides have been intensively inves-
tigated because they have excellent electrical,
mechanical, photocatalytic and optical proper-
ties. "8 Among them, bismuth oxybromide (BiOBr)
as a V-VI-VII ternary compound has received
considerable attention for visible-light-driven pho-
tocatalytic performance due to its narrow energy
bandgap of 2.72 eV for responding in visible light
region and a low photo-induced electron—hole
recombination rate.’”'! BiOBr is built of [BizO5]**
layers interleaved between double layers of Br
atoms which can reduce photo-generated electron
and hole recombination rates and increase photo-
catalytic activity.®%!! Different morphologies of
BiOBr were successfully synthesized such as
nanosheets,! nanoparticles,>® nanoplates,® micro-
spheres,”®!! hollow microspheres,” hierarchical
microcubes, ' hierarchical ﬂowers,lé’13 etc. Hierar-
chical BiOBr nanostructure flowers have high
active specific surface areas. Thus, they have pho-
tocatalytic activity higher than other
morphologies.'*'?

The hydrothermal method is an inexpensive sim-
ple one-step process and is able to apply to larger
scale synthesis of BiOBr nanostructure'>* 16 ag
compared to other methods such as thermal evapo-
ration,'”'® alcoholysis-coating method,'? ultrasonic-
assisted method®° and electrophoretic deposition.?
Polyvinylpyrrolidone (PVP) as hydrophilic polymeris
added to a hydrothermal system to control the
morphology of a material. PVP is a non-toxic reagent
which has excellent bio-compatibility.?>** It can
control shape and size of nanostructure BiOBr that
leads to improved photocatalytic activity for degra-
dation of d;/es and toxic organic compounds in
wastewater.?>24

In this research, polyvinylpyrrolidone (PVP) with
molecular weight of 10,000 (10 kDa) was used as a
template for hydrothermal synthesis of hierarchical
BiOBr nanostructure flowers. The hierarchical
BiOBr nanostructure flowers showed excellent pho-
tocatalytic activity for degradation of rhodamine B
(RhB) solution wunder visible light irradiation
(4 =420 nm) of a Xe lamp.

EXPERIMENT

The 0.005 mol of Bi(NO3)3:6H,0 and NaBr were
dissolved in 100 mL deionized water under stirring
at room temperature for 30 min. The pH of solutions
was adjusted to 6 by 5% NH,OH under continued
stirring. Different contents (0.00 g, 0.10 g, 0.25 g,
0.50 g and 1.00 g) of polyvinylpyrrolidone (PVP
10 kDa) with average molecular weight 10,000 and
1.00 g PVP-35 kDa were added to the solutions with
60 min stirring. The solutions were put in 200 mL
home-made stainless steel autoclaves which were
heated in an electric oven at 180°C for 24 h. In the
end, white precipitates were synthesized, separated
by filtering, washed with de-ionized water and
ethanol to remove the residual PVP and ions such
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as Na* and NO3;~, and dried in an electric oven at
80°C for 24 h for further characterization by x-ray
diffraction (XRD, Philips X’Pert MPD) with Cu K, in
the 20 range of 10°-60° at 20 kV and 15 mA.
Scanning electron microscopy (SEM) was operated
on a JEOL JSM 6335F SEM at 15 kV. Transmission
electron microscopy (TEM) was operated on a JEOL
JEM 2010 TEM at 200 kV. Fourier transform
infrared (FTIR) spectroscopy was carried out on a
Bruker Tensor 27 spectrometer with KBr as a
diluting reagent. Raman spectrophotometry was
recorded on a T64000 HORIBA dJobin—Yvon spec-
trometer using an Ar green laser at 514.5 nm. X-ray
photoelectron spectroscopy (XPS) was carried out by
an Axis Ultra DLD, Kratos Analytical Ltd XPS
using Al K, at 1486.6 eV as an excitation source and
C 1s at 285.1 eV as a standard.

Photocatalytic activity was evaluated through the
degradation of rhodamine B (RhB) as a model dye
solution. Then 0.2 g photocatalyst was added to
1 x 100°M of 200 mL RhB solution which was
magnetically stirred to form homogeneous solution
in the dark for 30 min for adsorption—desorption
equilibrium. Under visible light irradiation, RhB
solution was sampled for every 30 min and cen-
trifuged. The residual RhB was measured by a UV-
visible spectrophotometer (Perkin Elmer, Lambda
25 spectrometer) at 4.5 of 554 nm. The photodegra-
dation of RhB was calculated using the below
equation.

Decolorization efficiency (%) = (1-C;/C,) x 100,
(1)

where C, is the initial concentration of RhB at
adsorption—desorption equilibrium and C; is the
concentration of RhB after visible light irradiation
within the elapsed time (¢).

RESULTS AND DISCUSSION

Phase of the samples synthesized by PVP-assisted
hydrothermal method at 180°C for 24 h was inves-
tigated by XRD. XRD patterns of all samples
synthesized using different PVP 10 kDa contents
(Fig. 1) were identified to pure tetragonal BiOBr
phase (JCPDS No. 09-0393 25)  Diffraction of the
(001) (002), (101), (102), (110), (003), (111), (112),
(103), (004), (200), (113), (201), (104), (211), (114),
(212) and (203) planes of tetragonal BiOBr phase
was detected at 20 of 10.94°, 22.02°, 25.24°, 31.80°,
32.31°, 33.29°, 34.27°, 39.44°, 40.57°, 44.64°, 46.32°,
46.88°, 47.72°, 50.83°, 53.47°, 56.13°, 57.25° and
58.23°, respectively. No diffraction peaks of impuri-
ties were detected in the patterns. The results
certify that the products are high purified phase of
tetragonal BiOBr. All XRD patterns appear as
sharp and strong diffraction peaks, implying that
all samples have high degree of crystallinity. Upon
increasing the content of PVP 10 kDa, the relative
intensity of the (00c) planes such as (001) and (002)
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Fig. 1. XRD patterns of BiOBr synthesized in different solutions
containing 0.00 g, 0.10 g, 0.25 g, 0.50 g and 1.00 g of PVP 10 kDa
by hydrothermal method.

is increased, certifying that the BiOBr sample has a
highly preferred orientation in the (001) face.!2527

Figure 2a shows FTIR spectrum of BiOBr in the
wavenumber range of 400—4000 cm !. The FTIR
bands below 1000 cm ' correspond to the Bi-O
symmetric stretching vibration. The sharp FTIR
bands at 513 cm ' and 730 cm ! are attributed to
the Bi-O stretching vibrations.%13:26:28

The vibrational modes of BiOBr with P4/nmm
space group are described as 2A;; + B1g + 3E; + 2
E, + 2A5, 1®1° The Aj,, Bi; and E, are Raman
active, and the E, and A,, are IR active.2%3°
Figure 2b shows Raman spectrum of BiOBr in the
wavenumber range of 50-500 cm !. Three Raman
peaks were detected at 58 cm™!, 113 cm™! and
159 cm ! which correspond to the external Aqg,
internal A;,, and E,,internal Bi-Br stretching
modes, respectively.?®**3° The Raman peak at
90 cm 'is assigned to be the Bi-Br stretching
mode. 2629

XPS analysis is used to explain surface element
and valence state of BiOBr as the results shown in
Fig. 3. The XPS survey spectrum of BiOBr indicates
that the as-synthesized BiOBr sample is composed
of Bi, O and Br. Two high-resolution XPS peaks of
Bi 4f were detected at 159.3 eV and 164.6 eV
corresponding to Bi 4f7, and Bi 4f5., respec-
tively.>"%26 The difference in binding energy of Bi
4f is 5.3 eV, which indicates the presence of Bi
species as trivalent ions in the BiOBr sample.?3?
The O 1s shows three Gaussian peaks at 530.4 eV,
531.99 eV and 533.0 eV. They correspond with
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Fig. 2. (a) FTIR and (b) Raman spectra of BiOBr synthesized in the
solution containing 1.00 g of PVP 10 kDa by hydrothermal method.

oxygen of [BisO2]?* chemical bonding in BiOBr, and

0O-H and C-O of adsorbed HyO and CO,, on surface of
BiOBr sample.?®2?% XPS spectrum of Br 3d shows
two strong binding-energy peaks at 68.3 eV and
69.8 eV which are assigned to Br 3ds,, and Br 3ds/
of Br~ anions in BiOBr sample, respectively.? "%

Morphologies of BiOBr synthesized in the solu-
tions containing 0.00 g, 0.10 g, 0.25 g, 0.50 g and
1.00 g of PVP 10 kDa and 1.00 g PVP 35 kDa were
characterized by SEM as the results shown in
Fig. 4. In this research, uniform square BiOBr
nanoplates with edge length of 1-3 yum were
obtained by hydrothermal reaction at 180°C for
24 h without PVP adding. No other morphologies
were produced. The surface of square BiOBr
nanoplates is smooth. When 0.10 g PVP 10 kDa
with a molecular weight of 10,000 was added, the
uniform square BiOBr nanoplates were trans-
formed into irregular BiOBr nanoplates with size
of 1-3 ym in diameter. In a solution containing
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Fig. 3. XPS spectra of (a) full scan, (b) Bi 4f, (c) O 1s and (d) Br 3d of BiOBr synthesized in the solution containing 1.00 g of PVP 10 kDa by

hydrothermal method.

0.25 g of PVP 10 kDa, mixed morphologies of irreg-
ular nanoplates as a majority and hierarchical
nanostructure flowers as a minority were detected.
Some irregular BiOBr nanoplates began to form
self-assembled BiOBr nanoplates appearing as hier-
archical nanostructure flowers with nanoplates as
petals. The hierarchical BiOBr nanostructure flow-
ers were built by connecting each of other nano-
plates around a center. When 0.50 g PVP 10 kDa
with the same molecular weight was used, complete
hierarchical BiOBr nanostructure flowers with dif-
ferent sizes were produced. In the end, uniform
hierarchical BiOBr nanostructure flowers with size
of 3—4 um were produced in the solution containing
1.00 g PVP 10 kDa. Clearly, BiOBr flowers are
hierarchically assembled by numerous nanosheets.
The nanopetals are ~ 10 nm thick and ~ 200 nm
long. This open BiOBr structure with less dense
nanosheets is expected to contribute large specific
surface area and excellent photocatalytic properties.

Upon changing the PVP 10 kDa to PVP 35 kDa, the
hierarchical nanostructure flowers were broken into
thin microplates. Thus the hierarchical BiOBr
microflowers were successfully synthesized in the
solution containing 1.00 g PVP 10 kDa by the
hydrothermal method.

Figure 5 shows TEM images and SAED patterns
of as-synthesized BiOBr in the solutions containing
different contents of PVP 10 kDa by the hydrother-
mal method. The TEM image of pure BiOBr sample
clearly shows that the product without PVP adding
is composed of square BiOBr nanoplates. Its SAED
pattern appears as white spots in systematic arrays,
demonstrating that an individual square BiOBr
nanoplate is single crystal. The pattern can be
indexed to the (110), (200) and (1-10) planes of
tetragonal BiOBr with zone axis of [00-1]. It
certifies that square nanoplates prefer to grow
along the c-axis. The square nanoplates are com-
posed of the &+ (100) top and bottom faces, and
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Fig. 4. SEM images of BiOBr synthesized by PVP-assisted hydrothermal method using (a) 0.00, (b) 0.10, (c) 0.25, (d) 0.50 and (e) 1.00 g of PVP
10 kDa, and (f) 1.00 g of PVP 35 kDa.

200 nm 200 nm

Fig. 5. TEM and HRTEM images, and SAED patterns of the BiOBr samples synthesized by PVP-assisted hydrothermal method using (a and b)
0.00 g, (c) 0.25 g, and (d—f) 1.00 g of PVP 10 kDa.
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=+ (110) side and end faces. Upon adding with 0.25 g
PVP 10 kDa, the BiOBr nanoplates start to form
self-assembled structured flowers. These BiOBr
structured flowers are composed of poorly packed
nanosheets of multilayered structure. In the solu-
tion containing 1.00 g PVP 10 kDa, the as-synthe-
sized BiOBr sampleis composed of three-
dimensional mutual-connecting flowers composing
crystalline nanoplates with the formation of 100-
200 nm diameter petals. According to the high
magnification image of hierarchical nanostructure
flowers, a large amount of stacked nanoplates with
smooth surface clusters together in groups of spher-
ical flowers. A SAED pattern of a single nanoplate of
hierarchical nanostructure flowers is composed of
bright diffraction spots, indicating that the product
is a single crystal. There were the detection of the
(110), (2 00) and (1-10) planes of tetragonal BiOBr
projected along the [001] zone axis which is parallel
to the growth direction of the corresponding BiOBr
nanoplate. The analysis indicates that the nano-
plate petals of hierarchical nanostructure flowers
preferentially grow along the c-axis.

The formation mechanism of hierarchical BiOBr
nanostructure flowers is schematically shown in
Fig. 6. To form hierarchical BiOBr nanostructure
flowers, free Bi* ions react with free Br~ ions in the
aqueous solution containing dissolved oxygen to
form BiOBr nuclei under hydrothermal condition.
The BiOBr nuclei grow to form small nanoplates
due to the intrinsic tetragonal layer-structure with
[Biy05]** slabs interleaved by double slabs of Br~
ions.?#33-35 At this stage, the PVP 10 kDa is
adsorbed on the surface of small BiOBr nanoplates.
Thus, the growth of small BiOBr nanoplates to large
BiOBr nanoplates is inhibited.??333¢ Subsequently,
the small BiOBr nanoplates are self-assembled into
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structured flowers because of the reduction of
surface free energy. The self-assembled BiOBr
structured flowers grow to form hierarchical BiOBr
nanostructure flowers through the Ostwald ripen-
ing process.>*3% The hierarchical BiOBr nanostruc-
ture flowers are built by bonding each of other
nanoplates around a center. Thus the PVP 10 kDa
plays an important role in forming hierarchical
BiOBr nanostructure flowers.

The photocatalytic activities of as-prepared
BiOBr nanostructure synthesized in the solution
containing different contents of PVP 10 kDa were
studied for RhB photodegradation under visible
light irradiation (1 > 420 nm). Figure 7a shows the
decrease of absorption spectra of RhB solution over
hierarchical nanostructure flowers versus irradia-
tion time. The pink RhB solution was changed to
colorless and transparent solution upon illumina-
tion with visible radiation for 180 min. The results
demonstrate that RhB is completely degraded by
hierarchical BiOBr nanostructure flowers. The
maximum absorption peak of RhB at 554 nm is
gradually decreased with increasing in the irradia-
tion time. The absorption shows blue-shift to shorter
wavelength due to the de-ethylation of RhB to
rhodamine at 498 nm.?"*®

Figure 7b shows photocatalytic performance of
BiOBr synthesized in the solutions containing dif-
ferent contents of PVP 10 kDa and 1.00 g PVP-
35 kDa for photodegradation of RhB under visible
light with respect to that of the blank RhB solution.
Obviously, pure RhB solution without photocatalyst
is of very high stability under visible light illumi-
nation. This test indicates that RhB molecules were
not degraded by the visible light. The photocatalytic
performance of as-synthesized BiOBr for pho-
todegradation of RhB under visible light is
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Fig. 6. Schematic diagram for formation mechanism of hierarchical BiOBr nanostructure flowers.
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Fig. 7. (a) UV—visible absorption of RhB over BiOBr synthesized in the solution containing 1.00 g of PVP 10 kDa under visible light irradiation for
different lengths of reaction time. (b) Decolorization efficiency and (c) pseudo-first-order plot for photocatalytic degradation of RhB by BiOBr
synthesized in the solutions containing 0.00 g, 0.10 g, 0.25 g, 0.50 g and 1.00 g of PVP 10 kDa, and 1.00 g of PVP 35 kDa with respect to the
decolorization efficiency of the blank. (d) Recyclability for photodegradation of RhB by BiOBr synthesized in the solution containing 1.00 g of PVP

10 kDa by hydrothermal method.

influenced by different contents of PVP 10 kDa
adding to the precursor solution. At the end of
180 min of photocatalytic test, 75.55%, 83.11%,
86.63%, 91.87%, 96.10% and 85.42% of RhB solution
were degraded by BiOBr synthesized in different
solutions containing 0.00 g, 0.10 g, 0.25 g, 0.50 g
and 1.00 g of PVP 10 kDa, and 1.00 g of PVP
35 kDa, respectively. Thus, hierarchical BiOBr
nanostructure flowers improve photodegradation of
RhB under visible light, and are attributed to large
active specific surface areas. Under visible light
irradiation, the photogenerated electrons are
excited from the valence band to the conduction
band of BiOBr with holes generated in the valence
band. The photogenerated electrons and holes dif-
fuse to the BiOBr surface and react with the
adsorbed Oy and OH /H,O to produce ‘O,  and
‘OH as active oxidizing species on a BiOBr sur-
face.23%37 Both ‘O,  and -OH radicals are strong
oxidizing species which can transform RhB mole-
cules into CO, and H5O as final products. Thus, the
photo-induced electron—hole pairs are effectively

separated and are mainly responsible for enhanced
photocatalytic activity of hierarchical BiOBr nanos-
tructure flowers because the photogenerated elec-
tron—hole recombination rate is reduced.'*'3:39
The pseudo-first-order model of photodegradation
of RhB was used to investigate the photocatalytic
performance of BiOBr synthesized in the solutions
containing 0.00 g, 0.10 g, 0.25 g, 0.50 g and 1.00 g
of PVP 10 kDa, and 1.00 g of PVP 35 kDa by the
hydrothermal method. Figure 7c is the plot of linear
lines of In(C,/C;) versus irradiation time pho-
todegradation of RhB by the as-synthesized BiOBr
with different contents of PVP of 10 kDa and
35 kDa adding in the precursor solutions. The
linearity indicates that photocatalytic reaction fol-
lows the pseudo-first-order model."*3® The pho-
tocatalytic degradation constants of RhB over the
photocatalysts are 0.0074 min~', 0.0094 min !,
0.0113 min~!, 0.0128 min~*, 0.0171 min ' and
0.0101 min ! for BiOBr synthesized in the solutions
containing 0.00 g, 0.10 g, 0.25 g, 0.50 g and 1.00 g
of PVP 10kDa, and 1.00g of PVP 35 kDa,
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respectively. Thus, the hierarchical BiOBr nanos-
tructure flowers have the highest degradation effi-
ciency due to the highest active specific surface area
on hierarchical nanostructure flowers for absorbing
of visible light and groducing ‘05~ and -OH active
oxidizing species.1%13:37:39

The stability of the hierarchical BiOBr nanos-
tructure flowers was studied through the reused
hierarchical BiOBr nanostructure flowers for pho-
todegradation of RhB under visible-light irradiation
(A > 420 nm) at the same RhB concentration as the
results shown in Fig. 7d. At the end of each run, the
recycled photocatalyst was separated by centrifuga-
tion, washed with water and ethanol, and dried
prior to the next run. At the end of the fifth run, the
photocatalytic activity of hierarchical BiOBr nanos-
tructure flowers still retains almost 95%, suggesting
that the hierarchical BiOBr nanostructure flowers
has excellent photodegradation stability.

CONCLUSIONS

In this research, BiOBr was successfully synthe-
sized as visible-light-driven hierarchical nanostruc-
ture flowers by a PVP-assisted hydrothermal
method. The content of PVP 10 kDa is a key
parameter used to control the morphologies of
tetragonal BiOBr structure. The morphology of as-
synthesized BiOBr without PVP addition appears as
uniform square BiOBr nanoplates. In the solution
containing 1.00 g of PVP 10 kDa, the square
nanoplates transformed into hierarchical nanos-
tructure flowers. Under visible light irradiation,
the hierarchical BiOBr nanostructure flowers show
the highest photodegradation of RhB of 96.10%
within 180 min.
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